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ABSTRACT 
High speed lubrication (also denoted as turbulent and super- 
laminar lubrication) and relevant parts of the fluid mechanics 
literature are reviewed. It is contended on the basis of this review 
that existing turbulent journal bearing calculations are predicated on 
an unrealistic characterization of the lubricant film. Furthermore, 
an order-of-magnitude argument is presented which indicates that the  
neglect of inertial terms in the governing equations of turbulent 
lubrication is incorrect. It is concluded that fundamental investiga- 
tions on the structure of high speed lubricant films must precede 
the formulation of an adequate theory, and the nature of these lnves- 
tigations is discussed. 
INTRODUCTION 
Classical lubrication theory is based on two fundamental 
assumptions. Firstly, the inertial terms in the equations of motion 
for the lubricant film are negligible compared to the viscous tens, 
and secondly, lubricant films are so thin that the lateral derivatives 
in the governing equations are small compared to the normal deriva- 
tives. 
both the modified or lubrication Reynolds number and the ratio of the 
F.ormal statements equivalent to these two assumptions are that 
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characteristic thickness of the film to the characteristic extent of 
the film are small (1) 
In the past fifteen years applications have arisen in which the 
modified Reynolds number is of unit order or larger, and classical 
lubrication theory has proved inadequate. The larger modified Reynolds 
numbers are a result of the trend toward higher rotational speeds and 
the use of liquid metals and other fluids with low kinematic viscosities 
as lubricants. 
to connote all situations in which the modified Reynolds number is of. 
unit order or larger. 
In the following, the term "high-speed" will be used 
The initial investigations of high-speed lubrication were 
essentially of an experimental nature ( 2 ' 3 ' 4 ' s ) .  
bearing performance differed appreciably from the predictions of 
classical lubrication theory when the modified Reynolds number exceeded 
a critical value near unity. 
Reynolds number was noted in most cases as being in agreement with the 
earlier findings of G. I. Taylor (6 '7)  in studying the flow between 
concentric, rotating cylinders. It is pertinent to note here that 
the critical speed in Taylor's work was for the onset of a secondary 
flow regime. 
regime had been demonstrated experimentally, theoretical analyses of 
high-speed journal bearings appeared (899)  in which the flow was assumed 
to be fully turbulent. 
motion which differed from those of classical lubrication theory by 
the addition of turbulent stresses. The turbulent stresses were treated 
It was shown that 
The existence of a critical modified 
Shortly after the existence of a high-speed lubrication 
These analyses were based on equations of 
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by means of t h e  P r a n d t l  mixing length  theory i n  r e f .  9 ,  and a power 
l a w  p r o f i l e  was introduced i n  r e f .  8. 
presented  s h o r t l y  a f te rward  f o r  t h e  i n f i n i t e  s l i d e r  ( l o )  and j o u r n a l  
. bear ings  wi th  end leakage 
s t i l l  was noted between t h e  p r e d i c t i o n s  of t he  t u r b u l e n t  j o u r n a l  
bear ing  ana lyses  and t h e  d a t a  of r e f .  3, and more complicated t reatments  
(13,14,15) f o r  t h e  t u r b u l e n t  stresses were soon advocated 
s i t u a t i o n .  
Analyses s i m i l a r  t o  r e f .  9 were 
A s i g n i f i c a n t  amount of d i s p a r i t y  (11,12) 
t o  improve the  
The p r e s e n t  paper i s  devoted t o  a c r i t i c a l  s tudy  of high-speed 
l u b r i c a t i o n  theory a s  of e a r l y  1966. 
t o  be considered.  
E s s e n t i a l l y ,  t h r e e  ques t ions  a r e  
F i r s t l y ,  i s  t h e  flow i n  a high-speed l u b r i c a n t  f i l m  
l i k e l y  to  be  t u r b u l e n t ?  A f t e r  a l l ,  t h e  widely re ferenced  work of 
Taylor  concerns t h e  onse t  of a secondary flow and no t  turbulence.  The 
d i s c u s s i o n  of t h e  turbulence assumption w i l l  be based on t h e  information 
a v a i l a b l e  on flow between r o t a t i n g  c y l i n d e r s  and w i l l  be most re levant  
t o  j o u r n a l  bear ing  c o n f i g u r a t i o n s .  Secondly, i f  turbulence does e x i s t  
i n  high-speed l u b r i c a n t  f i l m s ,  are t h e  turbulence r e p r e s e n t a t i o n s  of 
r e f s .  13, 14, and 15 a p p r o p r i a t e  t o  high-speed l u b r i c a t i o n  theory? The 
1 
I d i s c u s s i c n  of t h e  turbulence  r e p r e s e n t a t i o n s  w i l l  be based on t h e  
p h y s i c a l  i m p l i c a t i o n s  of t h e  turbulence models being advocated, and 
t h e  major p o r t i o n  of  t h i s  d i s c u s s i o n  w i l l  a l s o  be r e l a t e d  t o  j o u r n a l  
b e a r i n g s .  F i n a l l y ,  under what condi t ions may t h e  i n e r t i a l  terms i n  t h e  
momentum equat ions f o r  t h e  f i l m  be neglected? This  has  been assumed 
i n  most a l l  e x i s t i n g  t u r b u l e n t  analyses and i s ,  t h e r e f o r e ,  a character-  
i s t i c  f e a t u r e  of t h e  theory  a s  i t  now s t a n d s .  The d iscuss ion  of t h e  
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i n e r t i a l  terms w i l l  be based on gene ra l  order-of-magnitude arguments 
and w i l l  not  be l imi t ed  t o  a p a r t i c u l a r  bea r ing  conf igu ra t ion .  
(41) The works of Woodhead and Ket t leborough ( 4 0 )  and K e t  t leborough 
a re  excep t ions .  
i n e r t i a ,  t u r b u l e n t  and v iscous  terms inc luded .  When i n e r t i a  on ly  was 
considered the  r e s u l t s  were i n  q u a l i t a t i v e  agreement wi th  publ i shed  
( tu rbu len t - a t t r i bu ted )  s l i d e r  bea r ing  experiments .  Ket t leborough,  
t he re fo re ,  concluded t h a t  the  t u r b u l e n t  term d i d  not  s i g n i f i c a n t l y  
in f luence  t h e  s l i d e r  bear ing  performance. 
Kettleborough (41 )  analyzed t h e  s l i d e r  bea r ing  w i t h  
HIGH-SPEED JOURNAL BEAF.INGS AND ROTATING CYLINDER FLOWS 
It has  a l r eady  been s t a t e d  t h a t  t h e  ea r l i e s t  i n v e s t i g a t i o n s  of 
high-speed l u b r i c a t i o n  phenomena r e l a t e d  t h e i r  r e s u l t s  t o  the  e a r l i e r  
work of Taylor  ( 6 ' 7 ) .  
information on the  high-speed regime was obta ined  from j o u r n a l  bea r ing  
tes t s .  Since the  s imples t  j o u r n a l  bea r ing  conf igu ra t ion  i s  a p a i r  
of c i r c u l a r  c y l i n d e r s ,  i t  was thought t h a t  t h e  flow between a r o t a t i n g  
i n n e r  c y l i n d e r  and a f i x e d  o u t e r  c y l i n d e r  should be similar t o  j o u r n a l  
bear ing f lows.  
Taylor  demonstrated the  onse t  of a secondary flow i n  t h i s  s i t u a t i o n ,  
i t  then seems odd t h a t  t h e  ensuing j o u r n a l  bea r ing  ana lyses  
pos tu l a t ed  a t u r b u l e n t  f low regime. I?rith t h i s  i n  mind, a b r i e f  review 
of t h e  r o t a t i n g  c y l i n d e r  l i t e r a t u r e  w i l l  be made to  seek  t h e  b a s i s  f o r  
t he  turbulence assumption. 
The reason f o r  doing s o  was t h a t  e a r l i e s t  
I f  one accep t s  t h i s  s i m i l a r i t y  and recognizes  t h a t  
(8,9) 
Perhaps i t  i s  b e s t  t o  s t a r t  the  review wi th  Tay lo r ' s  o r i g i n a l  
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work on concentric rotating cylinders(6). 
concerned with the stability of rotating Couette flow, and his investi- 
gation consisted of a theoretical determination of the neutrally 
stable modes by means of small disturbance theory and an experimental 
confirmation of the analysis by means of flow visualization. His 
analysis predicted that the departure from rotating Couette flow would 
occur in the form of torroidal vortices for the case of rotating inner 
cylinder and fixed outer cylinder and that the onset of the vortices 
would occur when 
Taylor was primarily 
"ec 41.1 - = -  a V 
for cylinders whose separation distance 
In this result LJo is the speed of the 
# 
is small compared to their radii, 
inner cylinder, C is the 
separation distance between the cylinders, r is an average radius of 
the cylinders, and v is the kinematic viscosity of the fluid, 
(Taylor also considered the case with rotating outer cylinder and fixed 
inner cylinder. However, this case has little relevance to lubrication 
situations .) 
Since Taylor's original contribution, additional experimental 
studies have been reported by Taylor"), Pai (16), Schultz-Grunow and 
(20) Hein (17) , Nissan et al. (18), Coles and Donnelly and Schwarz . 
All of these investigations indicate a transition from Couette flow to 
a secondary vortex regime at the predicted critical speed. 
'This form of Taylor's result is due to L. Prandtl. 
The more 
- 5 -  
recent  s t u d i e s  a l s o  i n d i c a t e  t h a t  t he  v o r t i c e s  become wavy, i . e . ,  a 
c i r cumfe ren t i a l  d i s tu rbance  sets  i n ,  as the  r o t a t i o n a l  speed is  increased  
beyond the  c r i t i c a l .  However, bo th  the  requi red  inc rease  i n  speed f o r  
the  onse t  of t h e  c i r cumfe ren t i a l  modes and the  number of c i r c u m f e r e n t i a l  
waves a t  t h e  onse t  appear t o  be func t ions  of t h e  i n d i v i d u a l  appa ra tus .  
As the speed of r o t a t i o n  i s  f u r t h e r  i nc reased ,  t he  c i r c u m f e r e n t i a l  wave 
number inc reases  u n t i l  the  flow can be desc r ibed  as having a cont inuous 
spectrum of non-axisymmetric f reouencies(19)  o r  having turbulence  
superposed on a b a s i c  t o r r o i d a l  v o r t e x  s t r u c t u r e  (16 ' 18) . However, t h e  
vortex s t r u c t u r e  appears  t o  be a c o n s i s t e n t  f e a t u r e  of t h e  flow a t  a l l  
v e l o c i t i e s  g r e a t e r  than the  Taylor  c r i t i c a l  speed. 
I n  a d d i t i o n  t o  experimental  work, t h e r e  has  been a cons ide rab le  
amount of  a n a l y t i c a l  i n t e r e s t  i n  t he  flow development a f t e r  t h e  onse t  
of  the Taylor  v o r t i c e s .  S t u a r t  (21) and Davey (22) have c a l c u l a t e d  the  
increase  i n  v o r t e x  s t r e n g t h  as the  r o t a t i o n a l  speed i s  increased  p a s t  
i t s  c r i t i c a l  Taylor va lue .  Thei r  p r e d i c t i o n s  of f r i c t i o n a l  to rque  are i n  
good agreement wi th  the  experimental  resu l t s  obta ined  on both  a r o t a t i n g  
cy l inder  a p p a r a t ~ s ' ~ )  and a j o u r n a l  bea r ing  a p p a r a t ~ s ' ~ )  f o r  a reason-  
a b l e  speed range i n  excess  of t he  c r i t i c a l .  Ana ly t i ca l  a t tempts  have 
(23) a l s o  been made a t  exp la in ing  the  c i r c u m f e r e n t i a l  modes. D i P r i m a  
has  presented a l i n e a r  a n a l y s i s  showing r o t a t i n g  Couet te  flow t o  be 
unstable  t o  non-axisymmetric d i s tu rbances  a t  speeds somewhat i n  excess 
of t he  c r i t i c a l  Taylor  speed. More r e c e n t l y ,  DiPrima and S t u a r t  (24) 
have presented a non l inea r  a n a l y s i s  t h a t  cons ide r s  both the  i n i t i a l  
growth of t h e  Taylor  v o r t i c e s  and the  p o s s i b i l i t y  of c i r c u m f e r e n t i a l  
waves. Their  a n a l y s i s  p r e d i c t s  t he  onse t  of t he  c i r c u m f e r e n t i a l  modes 
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with  a wave number of f o u r ,  and t h i s  agrees  with the experimental  f ind-  
i ngs  of  cole^"^). To summarize, a l l  evidence p o i n t s  t o  t h e  appearance 
of t o r r o i d a l  v o r t i c e s  a t  the c r i t i c a l  Taylor speed followed by t h e  
appearance of a wavy vor t ex  regime as the  speed i s  inc reased .  The 
frequency of the  "waviness" inc reases  w i t h  r o t a t i o n a l  speed, and poss i -  
b l y ,  tu rbulence  i s  superposed on the  vortex s t r u c t u r e  a t  very  high 
r o t a t i o n a l  speeds.  
I n  a d d i t i o n  t o  the  preceding work on the  s t a b i l i t y  of r o t a t i n g  
Couet te  f low,  t h e r e  has a l s o  been cons iderable  i n t e r e s t  i n  t he  e f f e c t  
of adding an  a x i a l  f low component t o  t h e  flow between r o t a t i n g  c y l i n d e r s .  
S ince  a x i a l  flow would be analogous t o  end-leakage i n  a j o u r n a l  
bea r ing ,  t h i s  p a r t  of the  l i t e r a t u r e  i s  a l s o  r e l evan t  t o  t h e  p re sen t  
d i s c u s s i o n .  Experimental  s t u d i e s  wi th  a x i a l  flows have been made by 
Cornish(25)  ,  fag^'^^) , Kaye and E lga r (27 ) ,  Donnelly and F u l t z  (28) , 
Snyder (29) and A s t i d 3 ' ) .  
a x i a l  f low component ra ises  the  Taylor  c r i t i c a l  speed. Ouan t i t a t ive ly ,  
however, t he  inc rease  i n  c r i t i c a l  speed seems t o  be a func t ion  of both 
the  exper imenta l  appara tus  and the  method of determining the  c r i t i c a l  
speed.  S ince  fluLd i s  usua l ly  introduced a t  one end of t he  experimental  
appa ra tus  without  i n i t i a l l y  having a r o t a t i o n a l  v e l o c i t y ,  i t  i s  l i k e l y  
t h a t  t he  r e l a t i o n s h i p  between t h e  length of the cy l inde r s  and the  
l eng th  r equ i r ed  f o r  the  r o t a t i o n a l  flow component t o  develop p lays  a 
r o l e  i n  t h e  lack of q u c n t i t a t i v e  agreement. (See r e f .  30.) Kaye and 
Elgar  have repor ted  the  ex i s t ence  of a pure ly  tu rbu len t  regime with 
s u f f i c i e n t l y  l a rge  a x i a l  flow rates .  (See f i g .  1 )  However, i t  i s  
There i s  general  agreement t h a t  a small 
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un l ike ly  t h a t  a j o u r n a l  bea r ing  would o p e r a t e  wi th  t h e  degree  of end- 
leakage necessary  t o  p l a c e  i t  i n  Kaye and E l g a r ' s  "Turbulent Flow" 
regime. 
was a l i n e a r i z e d  s t a b i l i t y  a n a l y s i s  by G o l d s t e i n  . H i s  r e s u l t s  
The f i r s t  a n a l y s i s  of t h e  e f f e c t  of an axial  flow component 
(31) 
p r e d i c t  an  i n i t i a l  i n c r e a s e  i n  Taylor  c r i t i ca l  speed w i t h  t h e  a d d i t i o n  
of axial flow b u t  an e v e n t u a l  dec rease  as t h e  flow rate  i s  i n c r e a s e d  
f u r t h e r .  Later, DiPrima ana lyzed  t h e  same s i t u a t i o n  and h i s  (32) 
r e s u l t s  p r e d i c t  a monotonic i n c r e a s e  of t h e  c r i t i ca l  r o t a t i n g  speed 
wi th  i n c r e a s i n g  a x i a l  flow. 
conta ined  a numerical e r r o r  and noted  t h a t  h i s  own p r e d i c t i o n s  were i n  
q u a l i t a t i v e  agreement w i t h  t h e  exper imenta l  r e s u l t s  of r e f .  27 and 28 
f o r  a x i a l  Reynolds numbers less than  40. More r e c e n t l y ,  Krueger and 
r epea ted  DiPrima's a n a l y s i s  i n  somewhat g r e a t e r  d e t a i l  D i P  rima 
and obta ined  b e t t e r  q u a n t i t a t i v e  agreement w i t h  exper imenta l  d a t a .  
summarize, t h e  primary e f f e c t  of adding a small ax ia l  flow component 
t o  the  flow between r o t a t i n g  c y l i n d e r s  i s  merely t o  de l ay  t h e  o n s e t  of 
t h e  vo r t ex  regime t o  h i g h e r  r o t a t i o n a l  speeds .  
rates, f o u r  p o s s i b l e  flow regimes are r e p o r t e d .  (See f i g .  1.) However, 
a high-speed j o u r n a l  bea r ing  would most l i k e l y  o p e r a t e  i n  e i t h e r  t h e  
% a m i n a r  Flow", "Laminar Flow P l u s  Vor t i ces"  o r  "Turbulent Flow P l u s  
Vortices" regimes. 
DiPrima concluded t h a t  G o l d s t e i n ' s  work 
(33) 
To 
For l a r g e r  a x i a l  f low 
Another aspect of r o t a t i n g  c y l i n d e r  flows i n  which some i n t e r e s t  
h a s  been shown i s  t h e  e f f e c t  of e c c e n t r i c i t y .  
r e spons ib l e  f o r  t h e  c i r c u m f e r e n t i a l  p r e s s u r e  p r o f i l e s  t h a t  suppor t  
bea r ing  l o a d s ,  t h i s  p a r t  of t h e  l i t e r a t u r e  i s  c e r t a i n l y  p e r t i n e n t .  
S ince  e c c e n t r i c i t y  is 
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Unfortunately, eccentric operation has received considerably less 
attention than either coaxial operation with or without axial flow, and 
fewer definite conclusions can be drawn at this time. 
Apparently the first attempt to study the flow regime between 
eccentric cylinders for speeds near the Taylor critical value vas made 
by Cole'? 
much as in the concentric case for eccentricity ratios of less than 0.75 
and that the onset of the secondary vortex 
between the Taylor critical speeds based on mean separation distance 
and minimum separation distance. Furthermore, the vortex spacing was 
approximately the same for concentric and eccentric operation, and the 
vortices, while being most clearly defined in the neighborhood of 
maximum film thiclcness, remained essentially parallel to each other. 
Cole also reported that, although back-flow in the diverging regime 
obscured the flow pattern at higher eccentricity ratios, he believed 
a transition to turbulence had taken place. It is pertinent to note 
that Cole performed tests with a 180' cylindrical segment, and irregular 
vortex patterns were observed in this case as well. 
Cole experimentally found that the vortex pattern formed 
regime took place somewhere 
( 3 4 )  Cole's work has recently been repeated and extended by Vohr 
Vohr's 
For 
, 
* 
who presented much of his results in motion picture form. 
results are in essential agreement with Cole's observations. 
eccentricity ratios of less than 0.7 torroidal vortices appeared at a 
rotational speed above the critical Taylor speed for concentric operation. 
* 
Vohr's work was carried out under NASA contract NAS w-771, 
and the present authors would 1ike.to express their appreciation to the 
Space Electric Power Office, Lewis Research Center for malting the 
film available. 
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The v o r t i c e s  were e i t h e r  wavy from t h e  o u t s e t  o r  became wavy as t h e  
r o t a t i o n a l  speed was inc reased .  
c i r c u m f e r e n t i a l  waves inc reased  wi th  speed. The v o r t e x  s t r u c t u r e  
remained d i s c e r n i b l e  a t  speeds two o r d e r s  of magnitude g r e a t e r  t h a n  t h e  
speed a t  which they f i r s t  appeared. However, t h e  v o r t e x  r i n g s  appeared 
incomplete at t he  l a r g e r  e c c e n t r i c i t y  r a t i o s ,  d i sappea r ing  comple te ly  
i n  reg ion  of minimum f i l m  t h i c k n e s s .  
which a t  least  a p a r t i a l  v o r t e x  s t r u c t u r e  appeared, t h e r e  w a s  a s u r p r i s -  
i n g  sequence a t  a l a r g e  e c c e n t r i c i t y  r a t i o  i n  which i t  appeared t h a t  
tu rbulence  had been induced by flow s e p a r a t i o n  i n  t h e  r e g i o n  of r a p i d l y  
d ive rg ing  flow. A l l  excep t  t h e  r eg ion  of minimum f i l m  t h i c k n e s s  
appeared completely d i s o r d e r e d ,  and a f a i n t  v o r t e x  s t r u c t u r e  began t o  
make i t s  appearance as t h e  speed of t h e  i n n e r  c y l i n d e r  was i n c r e a s e d .  
Q u a n t i t a t i v e  r e s u l t s  i n  t h e  form of to rque  d a t a  and a d d i t i o n a l  s t u d i e s  
on the  e f f e c t  of a x i a l  flow on e c c e n t r i c  o p e r a t i o n  a r e  r e p o r t e d  by 
Vohr i n  r e f .  3 4 .  Another i n v e s t i g a t i o n  i s  c u r r e n t l y  be ing  c a r r i e d  o u t  
by Burton e t . a l .  (35) i n  which d e t a i l e d  ho t  w i r e  d a t a  a r e  be ing  ob ta ined  
i n  apparatus t h a t  has  an i n n e r  c y l i n d e r  d iameter  of approximately s i x  
f e e t .  Pre l iminary  d a t a  from t h i s  i n v e s t i g a t i o n  are a v a i l a b l e ,  bu t  a 
complete a n a l y s i s  and i n t e r p r e t a t i o n  of d a t a  has  y e t  t o  be p r e s e n t e d .  
The a v a i l a b l e  a n a l y t i c a l  work on flow between e c c e n t r i c  r o t a t i n g  c y l i n -  
d e r s  i s  more p r ima t ive  than  t h e  exper imenta l  work. DiPrima has  
presented  both l i n e a r  (36)  and non- l inear  (37)  s t a b i l i t y  ana lyses  which 
imply t h a t  an e c c e n t r i c  problem can be  t r e a t e d  as a c o n c e n t r i c  problem 
wi th  a superposed c i r c u m f e r e n t i a l  p r e s s u r e  g r a d i e n t .  
It  a l s o  appeared t h a t  t h e  number of 
I n  a d d i t i o n  t o  t h e  p i c t u r e s  i n  
DiPrima's 
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r e s u l t s  p r e d i c t  a h i g h e r  c r i t i c a l  speed f o r  t he  o n s e t  of t h e  v o r t e x  
regime w i t h  t h e  a d d i t i o n  of a c i r c u m f e r e n t i a l  p r e s s u r e  v a r i a t i o n  and 
a r e l a t i o n s h i p  i s  g iven  between f r i c t i o n a l  to rque  and c i r c u m f e r e n t i a l  
p r e s s u r e  g r a d i e n t .  
t he  e f f e c t s  of i n e r t i a  on t h e  pre-vortex v e l o c i t y  p r o f i l e s  f o r  small 
e c c e n t r i c i t y  r a t i o s ,  and t h e i r  r e s u l t s  i n d i c a t e  t h e  appearance of 
v e l o c i t y  components t h a t  are 90 
f i l m  t h i c k n e s s  as the  modified Reynolds number approaches u n i t y .  Based 
on Vohr's  f i n d i n g s ,  t h e s e  a d d i t i o n a l  components have l i t t l e  e f f e c t  on 
t h e  e v e n t u a l  appearance of v o r t i c e s .  However, i t  i s  q u i t e  l i k e l y  t h a t  
they p l a y  some r o l e  i n  t h e  s t r u c t u r e  and onse t  of t h e  "wavy" v o r t e x  
regime. Moreover, t h e i r  e x i s t e n c e  a t  the o n s e t  on t h e  v o r t e x  regime 
raises some q u e s t i o n  about t h e  assumptions under ly ing  DiPrima's 
ana lyses .  To summarize then ,  t h e  flow between s l i g h t l y '  e c c e n t r i c  
c y l i n d e r s  i s  c i i a l i t a t i v e l y  similar t o  the flow between c o n c e n t r i c  
c y l i n d e r s .  The o n s e t  of t he  vo r t ex  s t r u c t u r e  i s  d e f i n i t e l y  delayed by 
e c c e n t r i c i t y .  However, even t h e  q u a l i t a t i v e  e f f e c t  of e c c e n t r i c i t y  on 
t h e  waviness of  t h e  vo r t ex  s t r u c t u r e  i s  p r e s e n t l y  unknown. 
v o r t e x  s t r u c t u r e  e x i s t s  f o r  moderate e c c e n t r i c i t y  r a t i o s ,  and d i r e c t  
t r a n s i t i o n  from laminar t o  completely d i so rde red  flow only  appears a t  
h igh  e c c e n t r i c i t y  r a t i o s .  There i s  a l s o  some i n d i c a t i o n  t h a t  a vo r t ex  
s t r u c t u r e  w i l l  appear a t  high e c c e n t r i c i t y  r a t i o s  i f  t h e  r o t a t i o n a l  
speed i s  s u f f i c i e n t l y  h igh .  
i n v e s t i g a t e d  More r e c e n t l y ,  Kul insk i  and Ost rach  (38) 
0 o u t  of phase wi th  t h e  v a r i a t i o n  i n  
A par t i a l  
This  b r i e f  review of t h e  r o t a t i n g  c y l i n d e r  l i t e r a t u r e  i n d i c a t e s  
t h a t  under most cond i t ions  the  flow between r o t a t i n g  c y l i n d e r s  e x h i b i t s  
a secondary v o r t e x  s t r u c t u r e .  The vortex c e l l s  may have a "wavy" 
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i n t e r f a c e ,  bu t  t h i s  i s  merely a more complicated form of secondary flow. 
Turbulence may perhaps be superposed on t h e  v o r t e x  s t r u c t u r e  f o r  
c y l i n d e r s  wi th  small t o  moderate e c c e n t r i c i t y  r a t i o s  and s u f f i c i e n t l y  
high speeds .  
s t r u c t u r e  i f  t he  e c c e n t r i c i t y  r a t i o  i s  l a r g e  enough and t h e  r o t a t i o n a l  
speed small enough. S ince  most t u r b u l e n t  j o u r n a l  bea r ing  c a l c u l a t i o n s  
inc lude  c a s e s  with small and moderate e c c e n t r i c i t y  r a t i o s ,  however, i t  
seems s a f e s t  t o  conclude t h a t  t h e  t u r b u l e n t  regime which i s  a l l u d e d  t o  
i n  r e f .  11, 1 2 ,  15, e t c .  i s  one i n  which tu rbu lence  i s  superposed on 
a b a s i c  v o r t e x  s t r u c t u r e .  It i s  p e r t i n e n t  t o  p o i n t  ou t  t h a t  t h i s  f low 
regime may n o t  be reached i n  many c a s e s  u n t i l  t h e  r o t a t i o n a l  speed i s  
two o rde r s  of magnitude h ighe r  than  t h e  c r i t i c a l  Taylor  speed. This  
implies modified Reynolds numbers i n  excess  of 100, be fo re  tu rbu lence  
sets i n ,  and even l i q u i d  metal l u b r i c a t e d  bea r ings  are n o t  c u r r e n t l y  
ope ra t ing  i n  t h i s  range. 
Turbulence may a l s o  appear w i thou t  a n  accompanying v o r t e x  
TURBULENCE ASSUMPTIONS FOR HIGH-SPEED BEARINGS 
I t  has been po in ted  o u t  t h a t  most high-speed l u b r i c a t i o n  ana lyses  
assume t u r b u l e n t  flow and t h a t  t h e  c u r r e n t  t r end  i s  toward i n c r e a s i n g l y  
complicated turbulence  d e s c r i p t i o n s .  
t h e  form of added d e t a i l s  which are a v a i l a b l e  from s t u d i e s  of t u r b u l e n t  
f lows i n  d u c t s  and boundary l a y e r s ;  t h a t  i s ,  t h e  concept of a wal l  
l a y e r ,  a s h e a r  l a y e r ,  e t c .  are being in t roduced  a long  wi th  a c e r t a i n  
amount of empirical d a t a .  This  s e c t i o n  w i l l  be devoted t o  d i s c u s s i n g  
whether o r  n o t  t h i s  p a r t i c u l a r  approach is a p p r o p r i a t e  f o r  high-speed 
The inc reased  compl ica t ion  i s  i n  
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l u b r i c a n t  f lows .  
two p a r t s .  
assumptions f o r  j o u r n a l  bea r ing  conf igu ra t ions ,  and t h e  preceeding  
s e c t i o n  on r o t a t i n g  c y l i n d e r  flows w i l l  be of cons ide rab le  r e l evance .  
S ince  most t u r b u l e n t  j o u r n a l  bea r ing  ana lyses  i n c l u d e  .the f u l l  c y l i n d r i -  
c a l  c o n f i g u r a t i o n ,  no l a r g e  e x t r a p o l a t i o n  w i l l  be involved .  The 
second p a r t  of t h e  d i s c u s s i o n  w i l l  d e a l  p r imar i ly  wi th  a s l i d e r  
b e a r i n g  c o n f i g u r a t i o n .  
The d i s c u s s i o n  w i l l  e s s e n t i a l l y  be s e p a r a t e d  i n t o  
The f i r s t  p a r t  w i l l  d e a l  exc lus ive ly  wi th  t h e  tu rbu lence  
Assuming t h a t  j o u r n a l  bea r ing  flows are similar t o  r o t a t i n g  
c y l i n d e r  f lows ,  i t  fo l lows  t h a t  some type of v o r t e x  s t r u c t u r e  i s  
i n h e r e n t  t o  t h e  flow regime. A d i r e c t  consequence of t h i s  v o r t e x  
s t r u c t u r e  i s  t h a t  t h e  turbulence  d e s c r i p t i o n s  advocated i n  r e f s .  13 ,  
14,  and 15 are i n a p p r o p r i a t e .  A l l  of these tu rbu lence  d e s c r i p t i o n s  
are based  on an under ly ing  assumption of s i m i l a r i t y  t o  fully-developed 
tu rbu lence  i n  d u c t s  and boundary l a y e r s .  A b a s i c  premise i n  assuming 
flow s i m i l a r i t y  i s  t h a t  t h e  mechanism of energy t r a n s n o r t  i s  s i m i l a r .  
I f  a v o r t e x  s t r u c t u r e  e x i s t s ,  as i s  contended h e r e i n ,  i t  w i l l  be involved 
to  some degree  i n  t h e  energy t r a n s p o r t  between t h e  main flow and the  
t u r b u l e n t  edd ie s .  The vo r t ex  s t r u c t u r e  may indeed p l ay  a n e g l i g i b l e  
r o l e  i n  t h e  energy exchange and the  s i m i l a r i t y  assumption may prove t o  
g i v e  adequate r e s u l t s .  However, t h i s  seems h igh ly  u n l i k e l y .  The 
more d e t a i l e d  d e s c r i p t i o n s  of t h e  turbulence  s t r e s s e s  then  would seem 
t o  have no f i r m e r  foundat ion  than  t h e  pr imat ive  ones and have an added 
d isadvantage  of compl ica t ing  c a l c u l a t i o n s  of j o u r n a l  bear ing  performance 
parameters .  
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The preceeding e v a l u a t i o n  of the  turbulence  assumptions was 
based on t h e  e x i s t e n c e  of a v o r t e x  s t r u c t u r e  i n  t h e  flow f i e l d .  S ince  
the  ex i s t ence  of t he  v o r t i c e s  depends on a concavi ty  of the  stream- 
l i n e s  of t h e  f low,  t h i s  cond i t ion  i s  p e c u l i a r  t o  j o u r n a l  bea r ing  f lows.  
Most o t h e r  bea r ing  conf igu ra t ions  w i l l  undergo a flow t r a n s i t i o n  via  
sepa ra t ion  o r  Tol lmein-Schl icht ing i n s t a b i l i t y  r a t h e r  than  developing 
Taylor-Goertler v o r t i c e s .  I n  such cases  the  b a s i c  assumption of 
turbulence might be j u s t i f i e d .  However, t he  concept of improving 
t h e  theory of l u b r i c a t i o n  f o r  such conf igu ra t ions  by the  a d d i t i o n  of 
d e t a i l e d  informat ion  from t u r b u l e n t  duc t  and boundary l a y e r  s t u d i e s  i s  
s t i l l  open t o  ques t ion .  De ta i l ed  measurements of t u r b u l e n t  f low have 
been made under cond i t ions  which are no t  m e t  i n  l u b r i c a t i o n  s i t u a t i o n s .  
For one th ing ,  most tu rbulence  d a t a  f o r  duc t  f lows were obta ined  under 
condi t ions  of ful ly-developed flow. I f  t he  s l i d e r  bea r ing  c o n f i g u r a t i o n  
i n  f i g .  2. i s  cons idered ,  i t  i s  clear t h a t  t h e  l u b r i c a n t  f low w i l l  n o t  
be f u l l y  developed a t  t h e  ends of t h e  pad where sudden changes i n  
geometry e x i s t .  Flow i n  these  reg ioqs  may be compared t o  the  en t r ance  
region of a duc t ,  and i n  analogy,  t h e s e  "entrance regions" may ex tend  
one-hundred times t h e  th i ckness  of t he  f i l m s  from each end of t h e  pad. 
The en t rance  e f f e c t s  can only be neg lec t ed  i f  t he  "en t rance  region' '  i s  
n e g l i g i b l e  compared t o  t h e  r eg ion  of f u l l y  developed flow. Such 
cons ide ra t ions  a l s o ,  of course ,  apply i n  t h e  neighborhood of l u b r i c a n t  
supply ho le s ,  grooves and o t h e r  sudden changes i n  geometry. S ince  
t h e  v a l i d i t y  of t he  turbulence  models proposed i n  r e f s .  13,  14 and 15 
depends upon a n e g l i g i b l e  change i n  tu rbu lence  energy t r a n s p o r t  due to  
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t h e s e  geomet r i ca l  f e a t u r e s ,  i t  is n o t  c l e a r  t h a t  they o f f e r  any 
g e n e r a l  improvement t o  l u b r i c a t i o n  theo ry ,  
GOVEPJING EQUATIONS 
Th i s  s e c t i o n  is  devoted t o  examining t h e  v a l i d i t y  of n e g l e c t i n g  
t h e  i n e r t i a l  terms i n  t h e  equa t ions  of motion f o r  high-speed l u b r i c a n t  
f lows .  For t h e  purposes of comparison with r e f s .  8 through 15  t h e  
f low w i l l  be assumed f u l l y  t u r b u l e n t ,  and t h e  l u b r i c a n t  w i l l  be  charac- 
t e r i z e d  as a Newtonian f l u i d  w i t h  cons tan t  p r o p e r t i e s .  
For s i m p l i c i t y ,  t h e  i n f i n i t e  s l ider  bea r ing  shown i n  f i g .  2 .  w i l l  
be  cons idered ,  and f o r  b r e v i t y ,  only the  c o n t i n u i t y  equa t ion  and t h e  
momentum equa t ion  i n  t h e  l a t e r a l  d i r e c t i o n  w i l l  be  w r i t t e n  o u t .  The 
d imens iona l  form of t h e  complete equat ions  are: (See f i g .  2 . )  
Cont inu i ty  
x Momentum 
- u - + v -  au - au = - - - + w ( - + + )  1 ap a L u  a'u 
ax a Y  P ax 
(2)  
a -  a -  - -(u'u') - -(u'v') ax a Y  
- 
Where P, U and 'iT are t h e  pressure and v e l o c i t y  components averaged 
i n  t i m e ,  u ' u '  and u 'v '  a r e  t h e  tu rbu len t  v e l o c i t y  c o r r e l a t i o n s  and 
- - 
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p and v are the density and kinematic viscosity of the lubricant. 
By introducing the usual non-dimensionalizing parameters, 
- - 
X* = x/L ; u* = u/u  
- - 
y* E Y/K ; v* = v/v 
and the  following non-dimensional groups 
these t w o  equations can be rewritten in the following non-dimensional 
form, 
Continuity 
x Piomentum 
Now for  lubricant film 6*-0(10-2 to , and from continuity 
considerations V must be such that (V/U 6*) - o ( l > .  In accordance 
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wi th  r e f s .  8 though 15,  Laufer ' s  d a t a  ( 3 9 )  may now b e  introduced t o  
scale a . These d a t a  i n d i c a t e  t h a t  (a/U2) -O( lO-*  t o  
Theref o r e  , 
I n  t h e  l u b r i c a t i o n  approximation terms of o r d e r  6* a r e  neg lec t ed ,  
and equa t ion  (4) reduces to 
I n  c lass ical  l u b r i c a t i o n  s i t u a t i o n s  a is i d e n t i c a l l y  zero  and 
Re* << 1 . Therefore ,  t h e  c o r r e c t  approximation is 
However, i n  high-speed o r  " turbulen t"  s i t u a t i o n s ,  Re* 2 O(1)  and 
t h e  term 
must b e  r e t a i n e d .  
The la teral  momentum equa t ion  upon which e x i s t i n g  tu rbu len t  
l u b r i c a t i o n  ana lyses  are based, however, completely neg lec t s  t h e  
i n e r t i a l  terms. 
Equation (7) was f i r s t  ob ta ined  i n  r e f .  9 by an  order-of-magnitude 
argument which only recognized t h e  t h i n n e s s  of t h e  l u b r i c a n t  f i l m .  
argument t h e r e i n  is  obvious ly  i n c o r r e c t ,  and equa t ion  (7) i s  a n  
i n c o r r e c t  approximation t o  t h e  complete equa t ion  f o r  t u r b u l e n t  f low. 
Therefore,  t h e  r e s u l t s  of e x i s t i n g  t u r b u l e n t  a n a l y s e s  are of d o u b t f u l  
a p p l i c a b i l i t y  even wi th  t h e  acceptance  of a fully-developed tu rbu lence  
flow model. 
The 
CONCLUDING REMARKS 
The main conclus ions  of t h e  p r e s e n t  paper are: 
(1)  The e x a c t  c o n d i t i o n s  under which h igh  speed j o u r n a l  bea r ing  
f lows  can be  c h a r a c t e r i z e d  as t u r b u l e n t  are n o t  c l e a r l y  d e l i n e a t e d .  
Moreover, tu rbulence ,  when i t  does e x i s t ,  i s  most o f t e n  accompanied by 
a large scale v o r t e x  s t r u c t u r e .  
(2) The degree  t o  which t h e  tu rbu lence  s t r u c t u r e  i s  a f f e c t e d  by 
t h e  presence of v o r t i c e s ,  end e f f e c t s  and a b r u p t  changes i n  f i l m  
geometry i s  p r e s e n t l y  unknown. Therefore ,  t h e  i n t r o d u c t i o n  of d e t a i l e d  
turbulence  models based on d a t a  from fully-developed duc t  f lows seems 
t o  b e  unwarranted. 
(3)  Turbulent  l u b r i c a t i o n  theory  i n c o r r e c t l y  n e g l e c t s  t h e  
i n e r t i a l  terms i n  t h e  equa t ions  of motion f o r  t h e  f i l m .  
a p p l i c a b i l i t y  of e x i s t i n g  a n a l y t i c a l  r e s u l t s  is d o u b t f u l  even i f  t h e  
proposed tu rbu lence  models are accep ted .  
Therefore ,  t h e  
These conclus ions  imply t h a t  t h e  f i e l d  of high-speed l u b r i c a t i o n  
i s  without a v i a b l e  theory ,  and t h e r e f o r e ,  i t  i s  premature t o  a t t empt  
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c a l c u l a t i o n  of des ign  information.  However, some guidance i n  a t t a i n i n g  
t h e  r e q u i s i t e  theory i s  conta ined  i n  t h e  preceding s e c t i o n s .  F i r s t l y ,  
i t  must be  recognized t h a t  j o u r n a l  and s l i d e r  bear ing  f lows  are funda- 
menta l ly  d i f f e r e n t  because of  t h e  occurence of v o r t i c e s  i n  curved flows. 
Therefore ,  t r e a t i n g  a j o u r n a l  bear ing  as a "rolled-up" s l i d e r  bear ing  
is  i n c o r r e c t  i n  t h e  high-speed regime. Secondly, a program of b a s i c  
f l u i d  mechanical r e sea rch  must precede s p e c i f i c  work i n  l u b r i c a t i o n .  
I n  t h e  case of j o u r n a l  bear ing  conf igu ra t ions  t h e  pre-vortex,  vo r t ex ,  
wavy" v o r t e x  and turbulence  p l u s  v o r t e x  regimes must be  understood.  
This ,  of course, means t h a t  t h e  q u a n t i t a t i v e  e f f e c t s  of e c c e n t r i c i t y  
must be  determined wi th  regard  t o  t h e  d e t a i l e d  s t r u c t u r e  of  t h e  regime 
as well as t o  i t s  e f f e c t  on t r a n s i t i o n .  I n  t h e  case of s l i d e r  bear ing  
conf igu ra t ions ,  t h e  e f f e c t s  of ab rup t  geometr ical  changes and t h e  ang le  
of i n c l i n a t i o n  of t h e  s l i d e r  on both t r a n s i t i o n  and turbulence  s t r u c t u r e  
must a l s o  be  b e t t e r  understood. 
d i scussed  he re in ,  t h e  e f f e c t s  of t i m e  dependent boundary motions deserve 
a t t e n t i o n .  I t  i s  i n t u i t i v e l y  clear that: s h a f t  o r b i t i n g ,  s l i d e r  o s c i l l a -  
t i o n ,  etc. w i l l  e f f e c t  t r a n s i t i o n .  It may well be  t h a t  such l a r g e  
scale fo rced  d i s t u r b a n c e s  w i l l  a l s o  play a s i g n i f i c a n t  r u l e  i n  determin- 
i n g  t h e  s t r u c t u r e  of t h e  flow regime. Thus, t he  coupling between s h a f t  
and f l u i d  f i l m  dynamics t70Uld be a more important  cons ide ra t ion  than i n  
t h e  c l a s s i c a l ,  low modif ied Reynolds number theory.  
I 1  
Fina l ly ,  a l though i t  has  not  been 
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Figure 1: Schematic Representation of Different Regions 
of Flow in Annulus -- by Kaye and Elgar(27) 
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Figure 2: Schematic Representation of Slider Bearing 
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